Abstract The cerebellar peduncles are excellent candidates for composite indicators of regional degeneration in posterior fossa structures, as the peduncles show histopathological changes in degenerative ataxia. We postulate that magnetic resonance imaging will reveal evidence of disease specific peduncle degeneration through macrostructural (cross-sectional area) and microstructural (fractional anisotropy, mean diffusivity) measures. This study presents a ''proof of principle'' using orthogonal diffusion tensor imaging cross-sections of the cerebellar peduncles to distinguish categories of cerebellar disease.
Introduction
The cerebellar peduncles are excellent candidates for indicators of composite regional degeneration in posterior fossa structures, as the peduncles show histopathological changes in degenerative ataxia. We postulate that magnetic resonance imaging will show disease-specific degeneration of the cerebral peduncles using macrostructural (crosssectional area) and microstructural [fractional anisotropy (FA), mean diffusivity (MD)] measures. This study presents a ''proof of principle'' using orthogonal diffusion tensor imaging (DTI) cross-sections of the cerebellar peduncles to distinguish types of cerebellar disease.
Methods

Patients
Twenty-eight patients with progressive ataxia were recruited prospectively through the Johns Hopkins neurology clinics, referrals from other neurologists, and patient support groups, such as the Chesapeake Chapter of the National Ataxia Foundation. Clinical diagnoses were verified through a directed history and physical assessment, and patients were separated into three groups for analysis. The first group included 17 patients who had a pure lateonset cerebellar ataxia (LOCA) with duration of symptoms greater than 4 years. Three individuals included in the LOCA group had hereditary forms of ataxia. The second group included six patients who had the diagnosis of spinocerebellar ataxia type 6 (SCA6). The third group included four patients who had a cerebellar-plus syndrome with autonomic dysfunction or other brainstem symptoms and were classified as having olivopontocerebellar atrophy (OPCA) [1] . One patient was excluded due to resolution of her cerebellar dysfunction. The patient group was compared with 15 normal controls. The anatomy of the posterior fossa anatomy was evaluated using DTI colormaps (Philips 3T Intera: multi slice EPI, SENSE = 2.0, 3 repetitions, No-Overplus-High diffusion encoding, 2.2 mm isotropic nominal resolution) ( Fig. 1; Table 1 ).
Region of interest analysis
Cross-sectional areas of four white matter tracts, including the superior cerebellar peduncle (SCP), middle cerebellar peduncle (MCP), inferior cerebellar peduncle (ICP), and the cortical spinal tract (CST), were manually delineated on DTI colormaps. For ''orthogonal plane analysis,'' cross sections were identified by manually rotating FA colormap volumes of the principal eigenvectors using ViPAR (Visualization, Paint, Alignment, and Rotation) [2] , a custom module used with MIPAV (Medical Image Processing, Analysis, and Visualization, version 3.1.0) [3] . Regions of interest (ROIs) were delineated in the selected plane that was perpendicular to local fiber orientation at specific anatomical landmarks. Predictably, these orthogonal planes were always oblique to the cardinal planes (axial, sagittal, coronal). These orthogonal plane ROIs were used for calculations of cross-sectional area, FA, and MD. For ''cardinal plane analysis,'' which represents the conventional method for evaluation of the cerebellar peduncles, ROIs were delineated along axial, sagittal, or coronal planes in the ViPAR interface without rotation into the orthogonal plane.
Evaluation of methods
To assess intra-and inter-rater reliability, two blinded raters repeated three orthogonal measurements of ten ROIs in two controls and two ataxia patients. To assess the accuracy and differences in reliability between the orthogonal delineation and conventional delineation [4] along cardinal directions, a single blinded rater used each method to repeat three measurements of four ROIs in four subjects.
Analysis
We compared cross-sectional areas, FA, and MD of each white matter tract between each disease and control group using Student's two-tailed t-tests. False discovery rate control was used to correct for multiple comparisons, using a = 0.05. 
Results
Within the white matter tracts and the CST, there were no significant differences in measurements between raters using orthogonal delineation (mean 0.24 ± 3.1 mm 2 ). Intra-rater reliability depended on ROI size, and varied by approximately 4.7% of the cross-sectional area. No subject, disease state, or ROI-related differences were observed in measures of variability. Areas delineated along the cardinal planes were consistently and significantly (P \ 0.001) larger than with orthogonal delineation and showed substantial variability in the percentage differences between the various regions measured (mean 39 ± 23%) even when performed by a single rater.
The OPCA disease group showed abnormalities in the MCP and CST, including smaller cross-sectional area, lower FA, and/or higher MD as compared to controls. In the SCA6 group, the SCP had a smaller cross-sectional area, with a trend toward lower FA and higher MD values than in controls. The idiopathic cerebellar group did not show differences in size or integrity of the white matter tracts compared to controls. Post hoc removal of the three patients with inherited cerebellar disease did not change the results. There was no statistically significant correlation between peduncle characteristics and duration of disease.
Discussion
We identify diagnostic white matter signatures for OPCA and SCA6 that distinguish them from LOCA. CST degeneration in the OPCA group is consistent with the presence of upper motor neuron signs, while MCP degeneration suggests involvement of the pontine nuclei. These findings complement earlier evidence of decreased FA in the MCP in multiple-system atrophy (MSA) [5] by including the additional criteria of MD and cross-sectional area and distinguishing the CST. SCP degeneration in the SCA6 group contrasts with earlier findings of preserved dentate and SCP diameter in SCA6 [6] , probably reflecting the difference in orthogonal versus cardinal delineations.
Our approach provides several advantages over standard methodologies. First, the use of DTI colormaps allows us to distinguish the SCP, MCP, ICP, and CST from each other and the surrounding tissue. Second, the use of orthogonal delineations improves the reliability of crosssectional measurements. Third, the aggregate involvement of a complex structure can be measured from a single cross-sectional measurement. Additionally, these changes are not correlated with duration of disease, but rather are present even in early stages of disease, thus further supporting the use of DTI in early diagnosis. Thus, we show that orthogonal DTI-based metrics of peduncle may be a simple, reliable and specific adjunct to the diagnosis of subtypes of cerebellar disease, such that SCA-subtypes and the progressive sporadic cerebellar-plus syndromes such as MSA could be distinguished from LOCA early in the course of the disease. The sensitivity and specificity of these characteristics should be prospectively tested in a longitudinal study. 
